We have compared the metabolic responses of leaves and roots of two Eucalyptus globulus L. clones CN5 and ST51 that differ in their sensitivity to water deficits (ST51 is more drought sensitive), with regard to the effect of chilling (10/5
INTRODUCTION
Eucalyptus globulus Labill. is an evergreen tree that grows in many regions of winter-rain climates of the Mediterraneantype with a dry and hot summer. In such conditions, a more efficient clone should not only use more water (through deep rooting) but also take advantage of the water availability of the cold season through greater chilling tolerance. Previous level by altering their osmotic components and the activity of the antioxidant protection system [24] .
Eucalyptus globulus is susceptible to cold and does not tolerate below-freezing temperatures [2] . Moreover, growth is limited by chilling temperatures, e.g. from (0 • C) 4
• C to 15
• C, which may be too low for normal growth. The plants exposed to chilling temperatures undergo a process of acclimation associated with several physiological and biochemical alterations in the plants [2, 12, 25] . The best-characterized changes under chilling, as well as under different types of stresses, include alterations in gene expression, changes in hormone level, accumulation of osmolytes (compatible solutes) and protective proteins as well as modification of cell membranes [4] .
According to previous studies [13, 16] , the thermotropic phase transition of membrane lipids might play an initiative role in the chilling sensitivity of plants. In chill-sensitive plants, the lipid bilayer has a high percentage of saturated fatty acids chains, and this type of membrane tends to solidify into a semicrystalline state at a temperature well above 0
• C [27] . As the membranes become less fluid, permeability is affected. During acclimation of plants to low temperature the fatty acids in their membrane lipids become more unsaturated, resulting in enhanced membrane stability [22, 26] .
In Mediterranean ecosystems, plant performance during winter is poorly studied, maybe because summer-drought constrains are much more conspicuous. However, "cold" is a relative term and even the "mild" temperatures of Mediterranean winters may be too low for plant species which have to cope with wide thermal amplitude over the year. However, climate change scenarios for the western Mediterranean (including Portugal) suggest lengthening of the dry season [15] , which may turn plants even more dependent from a relatively cool but shorter rainy season. There is also the possibility that global warming will enhance the frequency of extreme weather events including cold spells [7] . The comparison of the dynamics of physiological and biochemical changes between non-acclimated and acclimated plants, is of the utmost importance to understand stress coping mechanism in trees. Considering that resistance of plants to drought and low temperatures share common mechanisms [25] , the aim of the present work was to investigate whether the two clones with contrasting response to drought (CN5 and ST51) also exhibit differences (growth and metabolic) in response to low nonfreezing temperature. We analysed the effect of gradual temperature decrease and the effect of chilling on morphological parameters, membrane lipid composition and compatible solutes in leaves and roots of both clones, as well as osmotic potential, soluble proteins and pigments in leaves.
MATERIAL AND METHODS

Plant material
Rooted cuttings of the two clones ST51 and CN5 were grown in plastic containers filled with 60% peat and 40% styrofoam beads. ST51 is considered more drought sensitive than CN5. After four months the rooted cuttings of both clones were transplanted to 5.3 L plastic pots. At six months old, 32 plants per clone were transferred from nursery and placed in a growth chamber subjected to a gradual temperature decrease (1.4 • C per day) from 24/16 • C to 10/5
• C (day/night), which took 10 days (acclimation). Measurements were started at Day 1 after plants had reached 10/5
• C, the beginning of the chilling treatment. Another 32 plants per clone remained in control conditions (24/16 • C). Air and pot soil temperatures in the growth chamber were monitored through a data logger (DL2e, delta-t Device, UK) to follow temperature changes during the day. It must be taken into account that under natural conditions soil temperature does not vary as rapidly as air temperature. Other growth conditions were: photoperiod: 12/12 h (day/night), relative humidity of approximately 60%, photosynthetic photon flux density: 220 μmol m −2 s −1 . The experiment lasted for 52 days (7th January 2005 to 1st March 2005). All plants were watered to runoff on the first day and then twice per week.
Growth analysis and sampling dates
Plants were harvested 52 days after the beginning of the chilling treatment. Shoots were separated into stem, lateral branches and stem leaves. Roots were gently washed and carefully separated from soil and other debris. Plant components were then dried for at least 48 h at 80
• C in the oven and cooled in desiccators for dry mass determination. Leaves and roots were scanned before drying and then leaf and root area of each seedling (five plants per treatment) were calculated with WinRhizo software (Regent Instrument Inc., Canada). Samples for carbohydrates, lipids, proline, soluble protein analyses and osmotic potential were collected on Days 1, 7 and 42 after the beginning of chilling at predawn on full-expanded leaves (0.5 g fresh mass) and at midday on root segments (0.5 g fresh mass and diameter < 2 mm) excised from the central part of the root system, using five plants per treatment. Samples were removed, frozen immediately in liquid nitrogen and kept at -80
• C until further analysis.
Plant water relations
Predawn water potential (ψ pd ) was measured with a Scholandertype pressure chamber (PMS Instruments, Corvallis, OR) on five plants per treatment. From the same plants, leaf discs (6 mm diameter) were taken at predawn for osmotic potential (ψ π ) determination, frozen in liquid nitrogen and stored at -80
• C until analysis. The measurements of ψ π were made after thawing the samples at room temperature, using C-52 sample chambers connected to a Wescor HR-33T dew-point microvoltmeter (Wescor, INC Logan, UTAH, USA). Leaf turgor (ψ p ) was calculated according to the equation: ψ p = ψ pd -ψ π . Osmotic potential at full turgor (ψ 100 π ) was calculated from ψ π corrected by relative water content values (RWC), measured in samples of 10 leaf discs of 0.7 cm diameter. RWC was calculated as RWC (%) = (FW-DW)/(TW-DW) × 100, where FW, TW and DW are the fresh, turgid (after floating the samples for 3 h on distilled water at room temperature) and dry mass (after oven-drying at 80
• C), respectively.
Leaf pigments
Pigments were extracted from frozen leaf discs as described in Shvalva et al. [24] and then analysed by HPLC according to Wright et al. [32] and quantified by custom-made external standard solutions (DHI Water and Environment; Denmark and Carotenature, Switzerland). Twenty-five microliter samples were injected in Zorbax (Agilent Tech., USA) Bonus-RP C18 column and eluted with a quaternary gradient composed of water, acetonitrile, ethyl acetate and 0.5 M ammonium acetate in methanol (20:80, v/v) at flow-rate of 1.0 mL min −1 . Pigments content were measured after 42 days of chilling.
Lipid analysis
For lipid analysis, the general procedure of Pham Thi et al. [20] was used with modification according to Scotti Campos et al. [22] . Lipids were extracted in chloroform/methanol/water (1/1/1, v/v/v) according to Allen et al. [1] . After saponification, fatty acids were methylated with BF 3 (Merck) according to Mercalfe et al. [14] using heptadecanoic acid (C17:0) as an internal standard. Subsequently they were analysed by gas-liquid chromatography as described in Mercalfe et al. [22] . • C), SOT -suboptimal temperature (10/5
• C). Values are mean ± SE (n = 5).
Soluble proteins
Soluble proteins were extracted and measured as detailed in Bradford [3] .
Carbohydrates and polyols extraction and analysis
Carbohydrates and polyols were extracted from leaves and roots (100 mg FW), according to Van Huylenbroeck and Debergh [30] and then analysed using High Performance Anion Exchange Chromatography coupled with Pulsed Amperometric Detection HPAEC-PAD 204p3 Ann. For. Sci. 65 (2008) 204 A. Shvaleva et al. Table I . Galactose, glucose, sucrose, fructose, arabinose and inositol content (μmol g −1 dry mass) in leaves of E. globulus Clones CN5 and ST51 after cold acclimation (Day 1), after 7 and 42 days of suboptimal temperature. CT -control (24/16
• C), SOT -suboptimal temperature (10/5
• C), *, **, *** Represent statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = nonsignificant at P = 0.05. • C and eluted by on on-line generated KOH at 0.5 ml min −1 , whereas polyols were analysed on Dionex Carbopac MA-1 (4 mm × 250 mm) stored at 48
• C and eluted by a gradient of NaOH (500 mM) at 0.3 ml min −1 . Carbohydrates and polyols were quantified using calibration curves with standard solutions [10] .
Proline and proline analogues extraction and analysis
Approximately 100 mg of fresh plant material was extracted according to Naidu [17] and then analysed using High Performance Ligand-Exchange Chromatography coupled with Mass Spectrometry HPLEC-MS. N-acetyl DL-proline (Sigma-Aldrich Chemical Company) was used as internal standard [18] .
Data analysis
Data were subjected to two-way analysis of variance (ANOVA) to test for the effects and interactions of temperature treatment and between clones, using the STATISTICA (Version 6, 2001, StatSoft, Tulsa, OK) data analysis software system. Data are shown as the mean ± SE in tables and figures. All statistically significant differences between treatments were tested at the P < 0.05 level.
RESULTS
Growth response
Forty-two days of chilling had a negative effect on growth of both clones with reductions of total biomass, leaf area ratio and total root length (ca. 35%, 40% and 30%, respectively), in relation to control values (Fig. 1) . At the end of the experiment, ST51 plants showed significantly higher (P < 0.01) values of leaf area ratio than CN5 plants, whereas the CN5 clone exhibited greater total root length in both treated and control plants.
Plant water relation
Predawn water potentials (ψ pd ) were maintained stable throughout the experiment, varying between -0.36 MPA and -0.53 MPa (Fig. 2A) . Under low temperatures clone ST51 had more negative ψ pd than clone CN5 (P < 0.05). Control plants maintained leaf osmotic potentials around -0.58 MPa, whereas under low temperature ψ π declined significantly (P < 0.01) in both clones to -0.85 MPa and -0.77 MPa in CN5 and ST51 plants, respectively. So, leaf turgor (ψ p ) in both clones increased significantly (P < 0.01) during chilling (Fig. 2B) . The decrease of ψ π was a consequence of leaf osmotic adjustment, which mean degree (Δψ 100 π = ψ 100 π control -ψ 100 π low temperature) throughout the experiment was of 0.18 MPa and 0.13 MPa for CN5 and ST 51 clones, respectively (Fig. 2C). 
Carbohydrates in leaves
Acclimation led to a clear increase in the content of glucose (Glu), sucrose (Suc) and fructose (Fru) in leaves of both clones (Tab. I). There were significant differences between the clones (P < 0.01) with higher values of these carbohydrates in CN5 plants. After 7 days of chilling in addition to the accumulation of Glu, Suc and Fru, galactose was also significantly higher in both clones as compared to controls. On the contrary, the content of inositol significantly decreased (P < 0.001).
After 42 days of chilling, the accumulation of Suc and Fru persisted in both clones, although with no significant differences between clones. Among the accumulated carbohydrates Suc showed the highest increases throughout the experiment, whereas arabinose displayed very low contents and without significant changes with the chilling treatment.
Carbohydrates in roots
Acclimation led to a significant (P < 0.05) increase of root Glu (10-fold) and Suc (3-fold) content in ST51 plants (Tab. II). After 7 days, chilling led to a significant (P < 0.05) increase of all carbohydrates in both clones but more evident in CN5. After 42 days of chilling the increase of carbohydrates (P < 0.01) was also observed in both clones. Among the accumulated carbohydrates Suc showed the highest increases at Day 42: 13-fold and 7-fold in CN5 and ST51, respectively as compared to controls.
Soluble proteins in leaves
There were no significant changes in soluble proteins in leaves until Day 42 (Fig. 3) . After 42 days of chilling, soluble protein content decreased (P < 0.001) in both ST51 and CN5 clones (ca. 84% and 27%, respectively) as compared to controls. • C), SOT -suboptimal temperature (10/5
Leaf pigments
Pigment content showed a statistically significant (P < 0.001) temperature effect after 42 days, which led to a reduction on chlorophyll contents. Clone ST51 showed higher reductions of total chlorophyll content than CN5 under low temperatures, ca. 48% and 22% in relation to control plants, respectively (Fig. 4A) . Fucoxanthine (Fig. 4B) , lutein (Fig. 4C ) and β-carotene (Fig. 4D ) content in control ST51 plants were significantly higher when compared with control CN5 plants (110%, 138% and 127%, respectively) . • C), SOT -suboptimal temperature (10/5
days of chilling led to significant reductions of fucoxanthine, lutein and β-carotene in ST51 plants (57%, 49% and 57%, respectively), whereas in CN5 plants no significant changes were observed.
Proline and proline analogues in leaves
Proline content was higher than betaine and trigonelline in leaves of both clones for control and treated plants throughout the experiment (Tab. III). After 7 days under 10/5
• C there was a significant (P < 0.01) proline reduction, more evident in ST51 leaves than in CN5 leaves. At Day 42 of chilling trigonelline content showed a significant (P < 0.05) reduction in leaves of CN5 and ST51 clones (63% and 43%, respectively). There were significant differences between clones (P < 0.05) in trigonelline content at Day 1 (CN5 had higher content than ST51) and in proline content at Day 42 (ST51 had higher content then CN5).
Proline and proline analogues in roots
Acclimation led to a significant decrease (P < 0.01) in betaine root content in CN5 plants but not in ST51 (Tab. IV). After 7 days proline was higher (P < 0.06) in plants under low temperature of both clones and trigonelline was significantly higher (P < 0.01) in ST51 clone as compared to control plants. Forty-two days of chilling led to decrease (ca. 50%) in trigonelline in ST51 (P < 0.05) without changes in CN5.
Lipids in leaves
Total fatty acid (TFA) content in leaves of control plants of both clones was similar (Tab. V). As a result of acclimation, TFA increased significantly in CN5 (40%), but not in ST51. After 7 days and 42 days of chilling, TFA content remained stable in both clones. As for the individual fatty acids, at Day 1 clone ST51 presented an increase of 14% in C18:2 and clone CN5 an increase of 14% in C18:3 as compared to their respective controls (Tab. V).
After 7 days, chilling led to a significant increase (P < 0.05) in C16:0 (20%) in ST51 leaves and in C18:2 in ST51 and CN5 leaves (36% and 45%, respectively). However, C18:3 was reduced (P < 0.001) in both clones (ca. 14%).
Such a tendency was also observed after forty-two days of chilling. In leaves of ST51, C16:0, significantly increased (P < 0.01) 32% in comparison with control plants. C18:2 increased by 31% in leaves of both clones. As for C18:3, it was reduced 15% in chilling treated ST51 plants and only 6% in CN5 plants (P < 0.01).
Throughout the duration of the experiment no significant changes were observed in C16:1t in leaves of both clones.
Lipids in roots
No changes of TFA content were observed at Day 1 in roots of both clones (Tab. VI). However, after 7 days and 42 days under low temperatures TFA increased (P < 0.01) in CN5 plants (95% and 69%, respectively) .
In what concerns fatty acids, at Day 1 there was a significant increase (P < 0.01) of C18:3 in both clones (29% and 23% in ST51 and CN5, respectively). After forty-two days of chilling, C18:2 content increased 12% in CN5 in roots in relation to control values, while no significant changes occurred in ST51. As for C18:3, a larger increase was observed in roots of ST51 than in roots of CN5 plants (22% and 8%, respectively). Table IV . Proline (nmol g −1 fresh mass) and proline analogues concentration in roots of E. globulus Clones CN5 and ST51 after cold acclimation (Day 1), after 7 and 42 days of sub-optimal temperature. CT -control (24/16
• C), SOT -suboptimal temperature (10/5 • C). *, **, *** Represent statistical significance at P < 0.05, 0.01 and 0.001, respectively; and ns = nonsignificant at P = 0.05. 
DISCUSSION
Our results showed that although both clones reduced growth in response to chilling, total root length of CN5 was significantly higher in comparison with ST51 in both control and treated plants. This was accompanied by a less negative predawn water potential and a higher leaf turgor in CN5 clone throughout the chilling treatment. This characteristic of CN5 plants will offer an advantage over the drought sensitive ST51 clone, not only under water-stress conditions, due to the possibility to explore more volume of soil [6] , but also under cold temperatures through the benefits of higher new root regeneration.
The slowdown of growth during chilling was concomitant with an increase of carbohydrates in leaves and roots of both clones. Interestingly, it was observed at Day 1, as a result of acclimation, an increase of content of glucose, sucrose and fructose in leaves of treated plants of both clones that disappeared later on. The increase in carbohydrates in leaves may reflect the reduction in the sink strength of the aboveground plant tissues. On the other hand, this will lead to more assimilates available for root growth.
Plant water status was not affected in chilled plants, as also observed in other species [8, 33] . In fact, predawn water potentials were unaltered by chilling. Moreover, leaf turgor remained high in chilled plants of both clones, due to the decrease of osmotic potential as also observed in other Eucalytus species [29] . The degree of leaf osmotic adjustment given by Δψ 100 π , was initially higher in CN5 comparatively to ST51 plants, in parallel with the higher sugars accumulation observed, but similar afterwards. In fact, a higher content of carbohydrates in leaves of CN5 chilled plants compared to ST51 was only observed at Day 1.
Acclimation of the photosynthetic apparatus to chilling and to high light is well documented but the mechanisms are not completely understood. Karpinska et al. [11] showed in Scots pine that chlorophyll synthesis is temperature sensitive, and under low non-freezing temperature it decreases,due to arrest of chloroplast biogenesis. According to our pigment analysis the same phenomena happened in both clones of E. globulus
